Effects of secondary flow of the melt on the separation of inclusions from molten aluminum flowing in a square channel by a solenoid were investigated theoretically and experimentally. Numerical methods were used to calculate the secondary flow, the separation efficiency of inclusions, and the particle motion. It is found that there appear two recirculating loop flows in a quarter cross section of the channel and the separation efficiency of inclusions is significantly improved by the secondary flow mainly owing to the mixing effect. The separation efficiency increases with the increase of the effective magnetic flux density and the frequency of magnetic field, and decreases significantly with the increase of the size of the separator channel for a constant value of a/d. However, it is possible to achieve high separation efficiency by using largesized square channels and high frequency magnetic field with the help of the mixing effect of secondary flow. The computed results of particle trajectories show that the secondary flow accelerates the transportation of the particles from the inner region to the vicinity of the wall and greatly shortens the separation time of those particles. The effects of secondary flow on the separation efficiency were confirmed by comparing the measured separation efficiency with the computed results.
Introduction
Electromagnetic separation of non-metallic inclusions from aluminum melt is an emerging technology for the production of ultra-clean aluminum alloys to meet the growing demand for cleaner metals. It can, in principle, remove even micrometer-sized inclusions at almost constant rate by using high-intensity force fields. 1, 2) The main advantage of electromagnetic separation is that the electromagnetic expulsive force exerted on inclusion particles is only dependent on the difference in electrical conductivity between the inclusions and melt and independent of the density, chemical composition, or different phases (solid, liquid or gas) of the inclusions. 3, 4) Another advantage is that it offers very clean processes in view of environmental protection, as the use of fluxes, generally chlorides or fluorides, is avoided. Moreover, the melt is also protected against contamination if induction technology is utilized, since there is no contact between the melt and the power source due to the intrinsic properties of the magnetic fields. 5) The principle of electromagnetic separation was proposed long ago, 6) and various schemes by exerting different types of electromagnetic field, including DC electric field with a crossed steady magnetic field, 7) AC electric field, 8) stationary AC magnetic field, 9) traveling magnetic field, 10) simultaneous imposition of AC current and AC magnetic field, 11) and more recently, strong magnetic field created by a superconducting DC coil 12) were also presented. While the effectiveness and potential of this innovative method have been clearly demonstrated by those research works, its implementation in industrial applications under continuous flow conditions is scarcely reported. The main problem, at present, is that large and homogeneous electromagnetic force densities in large volumes are difficult to achieve, 13) which is especially true for the AC fields due to the wellknown skin effect. As a result, the induced flow of the melt by the unevenly distributed force field may appear, which is generally considered as extremely detrimental to the separation process and may render the effective separation of inclusions impossible. 7, 12, 13) El-Kaddah 14) calculated the particle motion in the molten pool of the ORNL electromagnetic separation process by an AC magnetic field and found that the vigorously stirred melt may cause some problems with the separation of small inclusions due to the entrapment of the inclusion particles within flow eddies. Taniguchi and Brimacombe 8) investigated the separation of inclusions from liquid metal flowing in a square pipe by an AC electric field and calculated the particle removal efficiency based on a concentration method by taking the secondary flows into account. The calculated re-sults of the particle removal efficiency, however, indicate that the secondary flows may transport particles from the inner region of the pipe to the vicinity of the wall where the electromagnetic pinch force is strong and thus increase the inclusion removal efficiency. Therefore, understanding of the role of the induced flow is central to the separation of inclusion particles in electromagnetic separation processes.
Among the several proposed schemes, the AC magnetic field method by applying an AC current in a solenoid was found to have the least dependence of the removal efficiency upon the particle size, which makes it most favorable for the separation of small inclusions. 15) Experimental results 11) show that the electromagnetic separation is effective even in the case with strong electromagnetic stirring for this scheme. Although a stationary liquid model and a complete mixing model 9) were presented to calculate the separation efficiency of inclusions, effects of the induced flow on the particle behavior and the overall separation efficiency are yet to be investigated in such separators. In the present study, continuous separation of inclusions from aluminum melt flowing in a square channel by applying an AC current in a solenoid is analyzed theoretically. Taniguchi and Brimacombe's model 8) is used to calculate the secondary flow of the melt and the separation efficiency of inclusions. Effects of various operating parameters that affect the secondary flow and the separation efficiency are discussed. Trajectories of a single inclusion particle in the melt are also calculated numerically to account for the effects of secondary flow on the separation efficiency. Finally, experimental work that has been done to verify the computed results of the separation efficiency will be described.
Computational Method

Simplifying Assumptions
As shown in Fig. 1 , a liquid metal containing suspended inclusion particles is passed through an infinitely long square channel with a constant velocity, w, in the axial direction of the channel. The alternating magnetic field is generated by applying an alternating current in a solenoid coil. The following assumptions were made: (1) The fluid flow is laminar and in steady state;
(2) The fluid flow is not affected by the movement of the particles; (3) The electromagnetic field is not affected by the fluid flow; (4) The inclusion particle is assumed as a non-conducting solid sphere; (5) The interaction between the inclusion particles is neglected; (6) The particle ceases to move when it reaches the wall of the pipe.
Electromagnetic Force Field
Suppose the electromagnetic field inside the channel is time harmonic field and does not vary with the axial distance, the governing equation of magnetic field strength, H, is expressed by the following equation: where H, J x , and J y are time-independent part of respective corresponding time-varying variables. Then the components of time-averaged electromagnetic force density, f x and f y , are given by:
......................... (7) ....................... (8) where Re is the real part of the complex number and H* is the conjugate of the complex number, H.
Flow Field
The mathematical description of flow field is represented by the continuity equation and the Navier-Stokes equations. Suppose the fluid velocities do not change with the axial distance, the governing equations take the following form:
.... (10) .... (11) .... (12) where u, v, and w are components of fluid velocities, p is pressure, r f and m f are density and viscosity of liquid metal respectively. The f x and f y terms are the components of the electromagnetic force density, Eqs. (7) and (8) .
The domain of calculation was restricted to a quarter cross section (0ՅxՅa, 0ՅyՅb) and was divided into 25ϫ 25 uniform meshes in the x-y plane. The boundary conditions are no-slip conditions at the wall and the following equations at the symmetric surfaces:
The computational scheme employed in the present study is based on the finite volume method. The central differencing approximation was used to represent the diffusion terms, and the power-law scheme was used to approximate the convection terms. The SIMPLER algorithm 17) was adopted for the calculation of the flow field.
The solution procedure is analogous to Ref. 8). Eqations (9), (10) and (11) were solved first to give the velocity components and pressure distribution in the cross section. Then Eq. (12) was solved to compute the axial component of velocities at the given axial pressure gradient, ∂p/∂z.
Separation Efficiency of Inclusions
The separation efficiency of inclusions is obtained by using the particle-concentration method, where the calcula-tion of particle concentrations is based on the following equation: 8) ..................... (14) in which Cϭc/c 0 , is the dimensionless particle concentration, c 0 is the particle concentration at the inlet of the square channel, and the migration velocity components of the particles, u p , v p and w p , are expressed by: 8) . where d p is the diameter of the particle. Note that the flotation velocity due to the buoyancy force is neglected in Eq. (17), because most oxide inclusions suspended in molten aluminum are very similar to the melt in density. 18) Equation (14) has been transformed into finite difference equations by the upwind differencing scheme. Because the convection flux of particles across a cell face is dependent on the particle concentration of its donor cell, the particle concentrations at location zϩDz can be calculated based on the concentration values at the location z for each step of Dz along the flow direction, z. All the particle concentrations in each cell are obtained simultaneously by solving the discretised equations using the SOR method.
The separation efficiency of inclusions are evaluated by comparing the particle concentrations between the different cross sections, which takes the following form:
...................... (18) in which the average axial velocity, w ළ , can be obtained from:
Trajectory of an Inclusion Particle
Suppose the inclusion particle responds to the time-averaged force and the density difference between the particle and the melt is ignored, the motion of particles can be described by the following equation: where the virtual mass coefficient C A ϭ0.5, r p is the density of the particle, and v and v p are the instantaneous velocity of the melt and the particle, respectively. The first term on the right-hand of the equation represents the viscous drag force on the particle, where the drag coefficient, C d , may be calculated by using the following equation: 19) 
, : It should be pointed out that the Basset history force term is neglected in Eq. (20) for the sake of simplicity. However, the term associated with the electromagnetic expulsive force exerted on the particle is included directly rather than the pressure gradient term used in El-Kaddah's model. 14) Equation (20) was solved numerically using the adaptive Gill method, and the time step is specified as Dtϭ0.0001 s. The solutions thus obtained give the instantaneous particle velocity. Then the particle position in the cross section of the melt in the next time step may be calculated using the following equation: with the initial conditions specified as:
The particle trajectory in the cross section may be determined by iterating the above solution procedure until the particle reaches the wall of the channel.
Experimental Procedure
The experimental apparatus for continuous separation of non-metallic inclusions from aluminum melt is composed of an induction coil, a multi-channel separator and a gating system as sketched in Fig. 3 . The induction coil is made up of copper tubes. The inner diameter of the coil is 60 mm and its length is 120 mm. The coil is powered by one IGBTtype induction heating power supply, which is capable of producing the alternating electric currents with a frequency of 8.3 kHz or 15.6 kHz. The separator used in experiments is a sintered gypsum pipe with four open square channels in its cross section. The cross-sectional size of each channel is 10 mmϫ10 mm.
The alloy used in experiments is prepared by melting pure aluminum with Al5%Si-6%Al 2 O 3 particle reinforced composites. The final composition of the alloy is 3-4% Si, 1.5-2.5% Al 2 O 3 with the balance Al. The measured average diameter of the particles for preparation of the composites is found to be 6 mm and most of the particles are in the range of 3-12 mm in diameter.
For each experiment, about 1.5-kg alloy contained in a graphite crucible was melted and kept at 800°C for 5 min in a resistance furnace. After the IGBT power supply was on, the melt was poured into the pouring cup and flowed continuously through the separator channels. The pouring rate is controlled by maintaining the metal head in the pouring cup and the average flow rate of the melt through the separator is calculated by weighting the processed metal in a certain time period.
Samples before and after processing were taken to evaluate the separation efficiency of inclusions by the quantitative metallograph method. The total area of inclusions in 25-50 fields of view for each sample was measured by a computerized image analysis system and the separation efficiency, h, is represented by where, S 0 and S 1 are the measured area of the inclusions before and after processing, respectively. Table 1 gives some property values associated with the alumina particles-molten aluminum system for the following calculations. Figure 4 shows the computed electromagnetic force field in a quarter cross section of the square channel. It is seen that the liquid metal is subjected to electromagnetic pinch force which is directed towards the center of the channel. It is also seen that the distribution of electromagnetic force density in the melt is significantly uneven. Due to the skin effect of high frequency magnetic field, the electromagnetic force is very weak in the central region of the channel. Another region where the electromagnetic force is relatively weak is near the corner, while the electromagnetic force is almost very strong in the outer region.
Results and Discussion
Electromagnetic Force Field
Flow Field
Due to the nonhomogeneous electromagnetic force field, there will appear induced secondary flow in the cross section other than the axial flow. Figure 5 gives the computed velocity field in a quarter cross section of the channel. It is seen that there are two recirculating loop flows in a quarter cross section of the channel. Consistent with the electro- magnetic force field shown in Fig. 4 , the secondary flow is negligible in the central region and near the corner. However, the scope of the central region where the secondary flow is insignificant is greatly confined as compared with the region within which the electromagnetic force is very weak. Despite the stirred melt, the pressure gradient generated in the melt seems unaffected and remains remarkable, especially in the outer region, as shown in Fig. 6 .
Besides, the calculated axial velocity is found to be decreased with the development of secondary flow because of the increase in the flow resistance. Figure 7 gives the computed separation efficiency of 5, 10, and 20 mm inclusions as a function of t i , the average resident time of inclusions within the z i length of the channel which is defined as t i ϭz i /w ළ . The solid lines and dashed lines represent the separation efficiency of inclusions with and without taking the secondary flow into consideration, respectively. It is seen that the separation efficiency of inclusions is greatly increased due to the secondary flow. Figures 8(a) and 8(b) show the concentration profiles of the inclusion particles with and without taking the secondary flow into consideration, respectively. It is seen that the secondary flow has a mixing effect on the distribution of the inclusions that significantly diminishes the difference in particle concentrations between the inner region and outer region in the cross section of the square channel.
Effects of Secondary Flow on Separation Efficiency
Besides the mixing effect in the cross section, the secondary flow influences the axial velocities of liquid metal as well. The decrease in the axial velocities leads to the increase of the average resident time of inclusions and may also affect the distribution of inclusion particles, which is shown in Fig. 8(c) , where the mixing effect is eliminated by setting the x-and y-components of fluid velocity to zero in calculations. It is seen that the change in the axial velocities caused by the secondary flow has a negligible effect on the particle concentrations and separation efficiency as compared with the mixing effect. Consequently, the main reason for the increase of the separation efficiency is owing to the mixing effect of the secondary flow. 
Effects of Various Operating Parameters on Separation Efficiency
Various operating parameters may affect the secondary flow and the separation efficiency, including the effective magnetic flux density, the frequency of magnetic field, and the size of the separator channels.
Effective Magnetic Flux Density
The effects of the effective magnetic flux density, B e , on the secondary flow are given in Fig. 9 , where the maximum velocity inside the cross section, v max , reflects the intensity of the secondary flow. It is seen that the intensity of the secondary flow increases markedly with the increase of B e , and the average axial velocity decreases with the development of the secondary flow. Figure 10 shows the relation between the separation efficiency and the effective magnetic flux density. It is seen that the separation efficiency increases with the increase of the effective magnetic flux density and the improvement of the separation efficiency due to the mixing effect becomes more significant with increasing B e.
Frequency of the Magnetic Field
The effects of the frequency of the magnetic field, f , on the secondary flow are shown in Fig. 11 . It is seen that the secondary flow is stronger and the average axial velocity is smaller with increasing f . Figure 12 shows the effects of the frequency of the magnetic field on the separation efficiency. If the mixing effect is not considered, as known in Refs. 9) and 15), the separation efficiency reaches the maximum values at about a/dϭ2, and drops with further increase of the frequency due to more remarkable skin effect of the magnetic field which limits the elimination of the inclusions in the inner region. When the effects of secondary flow are taken into account, it is seen that the separation efficiency is greatly increased. Especially, even for higher frequency of the magnetic field that a/dϾ2, the mixing effect of secondary flow is still strong enough to compensate the decrease of the separation efficiency caused by the skin effect of the magnetic field.
Size of the Separator Channel
The size of the separator channel affects the secondary flow considerably. As shown in Fig. 13 , both v max and w ළ increase with the increase of the side length of the square channel, which indicates that the use of thin channels may suppress the flow of melt. Figure 14 shows the effects of the size of the separator © 2002 ISIJ channel on the separation efficiency at a constant a/d. It is seen that the separation efficiency decreases significantly with the increase of the size of the separator channels despite the mixing effect of the secondary flow. This is mainly because that the particles have to migrate across a longer distance before arriving at the wall. Figure 15 gives the relation between the separation efficiency and the size of the channel when the frequency of the magnetic field is kept constant. It is seen that, although the separation efficiency reaches the maximum values at about a/dϭ2, it still maintains a considerable value for a larger size of the channel due to the increasing secondary flow.
From the calculations, it is possible to achieve high separation efficiency of inclusions with the help of the mixing effect of secondary flow by using large-sized separator channels and magnetic field of high frequency. The significance of the idea is that it provides a way to achieve high removal efficiency of inclusions in large volumes of melt without securing homogeneous distribution of electromagnetic force, which is helpful to the implementation of electromagnetic separation technique in industrial applications.
Trajectories of an Inclusion Particle
In this section, trajectories of a single inclusion particle in a quarter cross section of the channel are calculated in order to account for the effects of secondary flow on the separation efficiency. Figure 16 computes the particle trajectories at the different initial locations as well as the separation time, where the dotted lines show the particle trajec- tories without taking the secondary flows into consideration. It is seen that the secondary flow accelerates the transportation of the particles from the inner region to the vicinity of the wall and greatly shorten the separation time of those particles, as shown in Figs. 16(a) -16(c), while it may cause the entrapment of the particles in the outer region within the flow eddies and thus delay the separation, which is shown in Figs. 16(d) and 16(e) . As a result, the exchange of the particles between the inner region and the outer region is enhanced with the circulating convection flows, which may account for the mixing effect of the secondary flow on the distribution of inclusions. As shown in Fig. 4 , the electromagnetic force is very weak in the inner region due to the skin effect of the high frequency magnetic field. Consequently, the particles located in this region cannot move to the wall efficiently if driven by the electromagnetic expulsive force only. Therefore, efficient separation of the particles in the inner region is central to the separation efficiency of the whole system. From the calculated results, the secondary flow just compensates the weakness of the electromagnetic effect in such region by transporting the particles with the convection flows from the inner region to the vicinity of the wall where strong electromagnetic force exists, and thus improves the separation efficiency of inclusions on the whole.
Experimental Results
Metallograph observations show that the distribution of inclusions in each channel after processing is uniform for the multi-channel separator used in experiments. Figure 17 gives the cross-sectional metallographs of the alloy remained in a square channel after processing. It can be observed that a large quantity of inclusions were captured by the wall near the inlet and in the middle of the channel, while fewer inclusions were seen at the outlet of the channel. Table 2 summarizes the measured results of the separation efficiency for a square channel under different processing conditions, where B e is the maximum measured value inside the coil, and t i is determined from the length of the coil and the average flow rate of the melt. The calculated values of the separation efficiency with and without considering the mixing effect of the secondary flow are also given in the table by using the corresponding values of the processing parameters. It is seen that the calculated separation efficiency with the mixing effect generally shows better agreement with the measured results than the calculated value without the mixing effect. Although a few important issues, such as the agglomeration of small particles within the flow eddies, the accumulation of particles on the wall and the axial variation of the magnetic flux density inside the coil, are not included to represent the actual experimental system completely, the theoretical values given by the computational method employed in the present study still clearly demonstrates the significant effects of the secondary flow on the separation efficiency and the potential of the electromagnetic separation technique by using large-sized square channels.
Conclusions
This study investigates the effects of secondary flow of the melt on the separation of inclusions from aluminum melt flowing in a square channel using an alternating magnetic field generated by a solenoid. Numerical methods have been used to calculate the secondary flow, the separation efficiency of inclusions, and the particle motion. It is found that there appear two recirculating loop flows in a quarter cross section of the channel due to the nonhomogeneous electromagnetic force field and the separation efficiency of inclusions is significantly improved by the secondary flow mainly owing to the mixing effect. The computed results of particle trajectories show that the secondary flow accelerates the transportation of the particles from the inner region to the vicinity of the wall and greatly shortens the separation time of those particles while it may cause the entrapment of the particles in the outer region within the flow eddies. Various operating parameters may affect the secondary flow as well as the separation efficiency, including the effective magnetic flux density, the frequency of magnetic field, and the size of the separator channel. It is found that the separation efficiency increases with the increase of the effective magnetic flux density and the frequency of magnetic field, and decreases significantly with the increase of the size of the separator channel for a constant value of a/d. However, it is possible to achieve high separation efficiency by using large-sized square channels and high frequency magnetic field with the help of the mixing effect of secondary flow. It is confirmed by comparing the measured separation efficiency with the computed results that the secondary flow improves the separation efficiency significantly.
